Abstract: Myceliophthora thermophyla is a thermophilic industrially relevant fungus that secretes an assortment of hydrolytic and oxidative enzymes for lignocellulose degradation. Among them is glyoxal oxidase (MtGLOx), an extracellular oxidoreductase that oxidizes several aldehydes and α-hydroxy carbonyl substrates coupled to the reduction of O 2 to H 2 O 2 . This copper metalloprotein belongs to a class of enzymes called radical copper oxidases (CRO) and to the "auxiliary activities" subfamily AA5_1 that is based on the Carbohydrate-Active enZYmes (CAZy) database. Only a few members of this family have been characterized to date. Here, we report the recombinant production, characterization, and structure-function analysis of MtGLOx. Electron Paramagnetic Resonance (EPR) spectroscopy confirmed MtGLOx to be a radical-coupled copper complex and small angle X-ray scattering (SAXS) revealed an extended spatial arrangement of the catalytic and four N-terminal WSC domains. Furthermore, we demonstrate that methylglyoxal and 5-hydroxymethylfurfural (HMF), a fermentation inhibitor, are substrates for the enzyme.
Introduction
Waste plant biomass could be a massive resource for biofuels and commodity chemicals. Two-thirds of a typical biomass is composed of polysaccharides. The predominant polysaccharide is cellulose, a β(1,4) glucan followed by hemicelluloses a group of β(1,4) linked polysaccharides that interact with cellulose but can be solubilized in strong alkali [1, 2] . Another abundant biomass components is lignin, a polyphenolic complex, which forms an insoluble network that confers rigidity to plant cell walls [3] .
Natural recycling of biomass entails decomposition of the polysaccharides into simple sugars by microorganisms that use them as a carbon source for growth. Many microorganisms produce a wide variety of hydrolytic enzymes to degrade the polymers. These enzymes can be used in some industrial settings to extract sugars from biomass, which can then be converted into useful
The central physiological function of GLOx remains unknown, but experimental reports reveal that the enzyme is important for hyphal tip development and pathogenicity [34, 35] . Moreover, some GLOxes are linked to the cell Wall Stress-responsive Component (WSC) domain that is predicted to be a cell-wall and membrane protein in yeast and fungi associated with cell wall integrity and stress responses [36, 37] . Only three catalytic domains of GLOx enzymes from Phanaerochaete chrysosporium, Ustilago maydis, and Pycnoporus cinnabarinus fungi have been studied biochemically to date [26, 27, 34, 38] , but none were associated with such WSC domains. In the present study, we report the structural and functional characterization of a multidomain glyoxal oxidase from the thermo tolerant Myceliophthora thermophila M77 and show that 5-hydroxymethylfurfural as a new described substrate for this enzyme, demonstrating its potential in green enzymatic synthesis.
Results and Discussion

Comparative Analysis of MtGLOx with Other Copper Radical Oxidases
Complete AA5_1 glyoxal oxidase genes are present in the genomes of various fungi (mainly Basidiomycete and also some Ascomycetes) and several plant genomes. The three-dimensional (3D) structure of the MtGLOx catalytic domain has not yet been solved by experimental methods but the sequence shares 25% sequence identity with the galactose oxidases from Streptomyces lividans (PDBid: 4UNM) [39] and Fusarium graminearum (PDBid: 1GOF) and alcohol oxidase from Colletotrichum graminicola (PDBid: 5C92) [33] indicating a similar fold, albeit with possible different substrate specificities.
Phylogenetic analysis of 47 predicted AA5_1 domains of GLOx enzymes shows that MtGLOx is grouped within a distinct cluster that does not include the characterized GLOx from P. chrysosporium, P. cinnabarinus, and U. maydis (Figure 1 ). Interestingly, all WSC associated enzymes were clustered together, based on the alignment of just AA5_1 domains (Figure 1 ). Fungal glyoxal oxidase AA5_1 genes analyzed lack a WSC domain or have one to six of them, followed by a linker that connects with the classical C-terminal copper-radical oxidase catalytic domain (Figure 1 ). The M. thermophila glyoxal oxidase AA5 has four WSC domains. On the other hand, GLOxes from higher plants, Arabidopsis thaliana, Oryza sativa, Theobroma cacao, and Zea mays all have just the catalytic domain as do the characterized enzymes from P. chrysosporium, U. maydis, and P. cinnabarinus. Four GLOxes from the Ascomycete group, closely related to representatives from the plant group, have chitin-binding domains (ChtBD) instead of WSC domains. The WSC domain is considered as a putative carbohydrate binding domain that contains up to eight conserved cysteines involved into disulfides bridges formation and is crucial for fungal adaptation [40] . Two WSC domains which putatively mediate interactions with glucan chains have been previously identified in Trichodema harzianum β-1,3-exoglucanase [41] . WSC proteins from A. nidulans involved with hypo-osmotic and acidic pH stress tolerance presents extra regions: a potentially glycosylated serine/threonine-rich, transmembrane, and highly charged C-terminal cytoplasmic region besides WSC domain [37] . Moreover, the WSC domains are required for Wsc1 protein clustering that signalize stress conditions [42] . These occurrences and extra associations are suggested to be correlated with the metabolism type of the diverse fungi [43] . The relationship between fungal peroxidases and GLOXes are also been described [21] and it suggests a coupled reaction that is associated with lignin degradation. However, M. thermophyla do not codify or secrete this class of peroxidases [12] . Thus, MtGLOx could work as a H 2 O 2 provider to other oxidative enzymes, such as lytic polysaccharide monooxigenases (LPMO) [44] or used to attack putative pathogens [45] . 
Catalytic Properties of MtGLOx
The Amplex red assay was used to quantify H 2 O 2 production to provide more sensitive measurement than the ABTS assay used in other studies [27, 46] . Moreover, no addition of H 2 O 2 was necessary to activate the purified MtGLOx ( Figure S1 ) or eliminate the lag period, as described for other characterized glyoxal oxidases [26, 27] . From our HPLC analysis and unlike other described glyoxal oxidases, the native enzyme from M. thermophyla is fully active even in the absence of auxiliary peroxidases or oxidizing agents. Activity screening of MtGLOx against common substrates for AA5_1 family members (Table 1 ) demonstrated higher activity of the enzyme against small aldehydes, such as methylglyoxal (~3.5 U mg −1 ) than against glycerol. Moreover, HMF was found to be a previously unidentified substrate for GLOxes. The kinetic constants on the tested substrates are given in Table 2 . MtGLOx oxidizes methylglyoxal and 5-HMF with almost the same catalytic efficiency and 10-fold higher when compared with glycerol as substrate. The oxidation product of the new substrate 5-HMF was 2,5-diformylfuran (DFF) and not 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) (Figure 2) . DFF is also a valuable compound with several applications for pharmaceuticals production [47] , polymer resin synthesis [9] , and material science [48] . Interestingly, this result shows that the oxidation pathway of 5-HMF leads to preferential conversion of the primary alcohol arm to an aldehyde instead of aldehyde to carboxylic acid (Figure 2A,B) . The time course reaction shows that MtGLOx oxidized 56% of the HMF in 24 h ( Figure 2C ) but it was unable to further oxidize DFF. Low conversion levels were also observed for other characterized GLOxes [25, 27] and for a new AA5_2 from Colletotrichum graminicola able to oxidize 1-butanol to butanal [33] . A possible autooxidation of 5-HMF in solution was discarded, as can be seen in the reaction control ( Figure S2A ). The low yields have been attributed to oxidative damage that is caused by H 2 O 2 , acidification, in the case of carboxylic acid products, or end-product inhibition [25] . In the case of MtGLOx, the hypothesis of H 2 O 2 oxidative damage was not supported by our experimental results, since catalase addition was unable to promote an increased MtGLOx activity ( Figure S2B ). The same phenomenon was observed for GLOx from P. chrysosporium [25] . A selective oxidation mechanism of primary alcohols to aldehydes has been previously described for a flavoenzyme, aryl-alcohol oxidase [49] . The preferential oxidation of HMF to DFF has also been shown for galactose oxidases [49] , and in combination with aldehyde oxidases, can lead to FDCA (2,5-furandicarboxylic acid), a bioplastic precursor, production [10] (Figure 2A) .
The maximum activity of MtGLOx was observed at pH 6.0 and 50 • C ( Figure 3A ,B). These optimum conditions for MtGLOx were practically the same as described for the two glyoxal oxidases from P. cinnabarinus [27] , but distinct from the P. chrysosporium enzyme (30 • C and pH 5.0) [38] . The residual activity after incubation at various temperatures was assayed at pH 6.0 using methylglyoxal as a substrate. MtGLOx maintained its activity at 50 • C and 60 • C for 4 h, but lost 50% of its initial activity after 15 min at 70 • C ( Figure 3B ). MtGLOx reveals higher thermostability than P. cinnabarinus glyoxal oxidases. 
Catalytic Domain and Copper Site of MtGLOx
The three-dimensional structure of the MtGLOx catalytic domain was homology modeled using the crystal structure of the cuproenzyme GlxA from Streptomyces lividans (PDBid: 4UNM) [39] as a template. The model suggested a similar fold to that of galactose and alcohol oxidases from family AA5 that is composed mostly of β-sheets [33, 50] . The model highlights an N-terminal β-propeller structure containing the catalytic copper center linked to a C-terminal immunoglobulin-like domain, with both domains being involved in forming the active site of MtGLOx ( Figure 4A ). The copper region is exposed to the solvent environment. Based on sequence alignment, and the three-dimensional structure model, residues His804, His889, and Tyr803 that compose the first-shell coordination of the copper ion and Cys522-Tyr581 that stabilize the free-radical species [50] are all conserved between glyoxal, galactose, alcohol oxidases, and GlxA copper-radical oxidase from the AA5 family ( Figure 4B ). In the second-shell coordination, a tryptophan residue that lies over the Tyr581-Cys522 is associated with substrate recognition, catalysis, and radical stabilization [51] [52] [53] . In AA5_1 members, the Trp580 residue is conserved and is adjacent to Tyr581 unlike AA5_2 members ( Figure 4B ). The galactose oxidase structure from F. graminearum [50] shows this residue conserved in the same position but 17 residues away from Tyr. On the other hand, the alcohol oxidase from C. graminicola [33] shows the Tyr residue replaced by Phe138. The EPR spectrum of MtGLOx ( Figure 4C ) is characteristic of a mononuclear Cu(II) center with an axial coordination, which is in good agreement with previous EPR data from related enzymes [33] . Although the Cu(I) state cannot be directly detected by EPR, our experimental EPR spectra clearly demonstrate a strong signal from a Cu(II) ion that is bound to the active site of the enzyme. The superhyperfine lines that were observed in the perpendicular direction of the spectrum indicate the interaction of the copper ion with other nuclei in its vicinity. To further characterize the paramagnetic center, we performed spectral simulation using the Easy Spin package. A spin Hamiltonian containing terms that took into account the Zeeman, hyperfine, and superhyperfine interactions was used. A good agreement with the experimental spectrum was obtained by including two nitrogen nuclei and the following magnetic parameters: gx = gy = 2.05 and gz = 2.28; |Ax| = |Ay| = 60 MHz and |Az| = 540 MHz. The superhyperfine couplings to the nitrogen nuclei were 40 MHz. These parameters indicate a main d(x2-y2) character for the copper molecular orbital, as observed for other copper-radical oxidases [32, 33] , and suggest that the MtGLOx active site contains the main structural features that are characteristic for the AA5_1 enzyme family.
Structural Insights of the Multi-Domain MtGLOx by SAXS
SAXS were used to infer a low-resolution envelope of the enzyme, determine the relative arrangements of the four WSC domains to the catalytic domain in solution. This method was used following unsuccessful crystallization attempts. The SAXS curve profile and linear radius of gyration (R g ) of 45.3 Å indicates an aggregation-free state and a maximal dimension (D max ) of 155 Å suggesting an elongated shape ( Figure 5A,B) . The pair distribution function (P(r)) also shows a maximum at~30 Å from pair electron distances within the catalytic domain (CD) and a secondary shoulder at~90 Å that is attributed to distances between the CD and the WSC domains ( Figure 5B ). The molecular weight that was predicted by SAXS_MoW for MtGLOx was 99 kDa, in agreement with the theoretical 102 kDa of the monomer. Ab initio molecular envelope reconstruction of MtGLOx allowed modeling two regions that could accommodate the WSC domains and the catalytic domain ( Figure 5D ). To better address this issue, the structure of each domain was modeled based on its amino acid sequence, linked by polyalanine linkers, and allowed to move as rigid bodies using molecular dynamic simulations. The best model generated shows an excellent fit (χ = 1.7) with the experimental curve and fits closely to the low-resolution SAXS molecular envelope, discarding significant large-amplitude inter-domain dynamic or conformational changes. The WSC1-WSC2 and WSC4-WSC3-AA5_1 three-dimensional structural models are connected by a longer and flexible linker, as supported by the Kratky plot ( Figure 5C ), but not perfectly aligned and appear instead in a bent conformation. The SAXS data also show that the WSC domains are probably connected to the catalytic domain by their upper region ( Figure 5B ), where the buried copper co-factor resides. Moreover, the low-resolution model allows us to propose that the WSC domains could act as an anchor that orient the catalytic site at the substrate's surface. 
Material and Methods
Chemicals and Reagents
Chemicals, biochemicals and enzymes were obtained from Fisher Scientific (Pittsburgh, PA, USA), Invitrogen, Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA).
Expression and Purification
The MtGLOx gene (MYCTH_2294895) from Myceliophthora thermophila M77 was PCR amplified from genomic DNA without the original signal peptide. The PCR product was amplified using the oligonucleotide primers forward (5 -GGGTTGGCACAGCTCTCAATCCCTACGGACCTTCCGGA-3 ) and reverse (5-GTCCCGTGCCGGTTATCAGACGCCGGGGACAGAAAAGTCGGGCGC-3) and was cloned into the pEXPYR vector [54] using the Ligation-Independent Cloning protocol (LIC) [55] . The clone was transformed in A. nidulans A773, as described [54] .
Approximately 10 7 spores/mL were inoculated in liquid minimal medium supplemented with 5% maltose and maintained in static culture at 37 • C for 40 h. The culture medium was filtered using Miracloth membrane (Calbiochem, San Diego, CA, USA). The secreted proteins were concentrated by tangential flow filtration (GE Healthcare, Uppsala, Sweden) and were immediately applied to a DEAE-Sephadex column (GE Healthcare). The enzyme was eluted with a stepwise gradient (200, 300, 400, and 500 mM) NaCl in 50 mM Tris-HCl pH 8.0. The purified samples were concentrated by ultrafiltration (50 kDa cutoff Centricon-Millipore, Billerica, MA, USA) and further purified using size exclusion chromatography on a HiLoad 16/60 Sephadex75 column (GE Healthcare) with a running buffer consisting of 150 mM NaCl and 20 mM Tris-HCl pH 8.0. The total protein was quantified spectrophotometrically at 280 nm using a molar extinction coefficient of 168550. The protein purity was analyzed by SDS-PAGE [56] , stained with Coomassie blue G-250, and the protein identity was confirmed by mass spectrometry.
Mass Spectrometry
The peptide mass fingerprint was performed by in-gel digestion. The Coomassie stained protein band was removed from the SDS-PAGE 15% gel and was submitted to in-gel trypsin (20 ng/µL) digestion after its reduction and alkylation. An aliquot of digested product (1 µL) was desalted by a ZipTip C18 column and mixed with 1 µL of alpha-cyano-4-hydroxy cinnamic acid (HCCA) matrix at 10 mg/mL and was allowed to dry over the sample plate. The measurement was done in the linear positive-ion mode at room temperature within a range of 400-3300 m/z. Average masses were assigned and processed using flexAnalysisTM software (Bruker Daltonics, Bremen, Germany). The mass fingerprint search was done using BioToolsTM (Bruker Daltonics) and the peptide m/z list generated in silico by computational tryptic digestion of protein amino acid sequence. The peptide fingerprinting match was also performed using the MASCOT (Matrix Science Inc.). The analysis was performed using a Microflex LT MALDI-TOF (Bruker Daltonics).
Enzyme Activity Assay and Steady-State Kinetics
MtGLOx activity was determined measuring hydrogen peroxide (H 2 O 2 ) production using a subsequent reaction with horseradish peroxidase (HRP) and Amplex ® Red reagent (Thermo Fisher Scientific, Bremen Germany). The enzyme-coupled reaction protocol was modified due to the differences in optimum reaction conditions between MtGLOx and HRP. The reaction mixture (100 µL) containing 0.5 µM MtGLOx, 10 mM Bis-Tris (pH 6.0), and 25 mM substrate was incubated for 5 min at optimum temperature. The second reaction was started by addition of 10 µL of the previous reaction to 90 µL of Amplex Red working solution according to the manufacturer. The H 2 O 2 production was measured using oxidized Amplex Red absorbance at 560 nm on a Tecan Infinite M200 microtiter plate reader. All of the measurements were performed in triplicate. The optimum pH and temperature were determined using 25 mM methylglyoxal as substrate in citrate-glycine-phosphate buffer. The temperature stability of the enzyme was measured by determining residual activity after incubating the enzyme at 50, 60, and 70 • C, followed by cooling in ice and activity measurement.
The kinetic constants were determined at optimum temperature and pH using the protocol described above. The kinetic parameters were determined using a substrate range of 1-40 mM for methylglyoxal/5-HMF and 10-500 mM for glycerol. Data analysis was performed using a non-linear regression of the Michaelis-Menten equation on GraphPad Prism v5.1 software (GraphPad Software, La Jolla, CA, USA).
Analysis of Oxidized Products
The oxidized products of MtGLOx catalytic activity were analyzed by High Performance Liquid Chromatography (HPLC), using a Bio-Rad Aminex HPX-87H column (300 mm × 7.8 mm) (Bio-Rad, Hercules, CA, USA). Chromatography was carried out at 65 • C with 5 mM sulfuric acid as mobile phase at a flow rate of 0.6 mL/min. Eluted peaks of 5-HMF and DFF were detected by UV absorption at 276 nm. The time course of oxidation of HMF (1 mM) by MtGLOx (0.5 µM) was performed in 100 mM Bis-Tris pH 6.0. The same reaction was monitored using 670 U/mL of catalase from Aspergillus niger (Sigma-Aldrich). Aliquots (60 µL) of the reaction were diluted with 300 µL water and 60 µL 1 M HCl. The solution containing denatured protein was centrifuged and the supernatant was used for injection onto the column. Purified HMF and DFF (Sigma-Aldrich) were used as standards.
Small Angle X-ray Scattering (SAXS) Experiments
MtGLOx was prepared at concentrations of 1, 2, and 4 mg/mL in 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl. SAXS data were collected through mail-in-SAXS on the 12.3.1 SIBYLS beamline at the Advanced Light Source, Lawrence Berkeley National Laboratory [57] . Scattering from the buffer was subtracted from sample scattering and was checked for agreement. The raw data were processed using PRIMUS [58] and GNOM [59] . Twenty low-resolution envelope models were generated using GASBOR [60] and were averaged with DAMAVER [61] . The three-dimensional model of each MtGLOx domain was generated using the iTasser server [62] and available structures of the cuproenzyme GalxA from Streptomyces lividans (PDBid: 4UNM) [39] and WSC domain from the human Wnt modulator (PDBid: 5FWW) [63] as templates. The relative position of each domain based on SAXS data was determined using a combination of conformational sampling and molecular dynamics performed on the BILBOMD server [64] . The final model and low resolution envelope superposition was performed using SUPERCOMB [65] . The molecular weight based on the SAXS data was calculated using SAXS MoW [66] .
Electron Paramagnetic Resonance (EPR) Spectroscopy
EPR experiments were performed on a Varian E109 spectrometer equipped with a cryogenic system, which allowed for low-temperature data collection. The spectrometer was operated at 9.26 GHz, with a modulation amplitude of 4 G and microwave power of 10 mW, at 70 K. Samples were drawn into quartz tubes and were then frozen in liquid nitrogen. The EPR parameters were optimized to avoid line saturation and distortion. The spectrum of the buffer only was used as a baseline and was subtracted from all other spectra. Spectral simulations of the EPR data were performed using the EasySpin package [67] . The spin Hamiltonian included terms to account for the Zeeman and hyperfine interactions, which yielded the calculated g-and A-values.
Sequence and Domain Analysis
The AA5_1 domain sequence of 47 glyoxal oxidases from 39 different organisms were aligned using MUSCLE software [68] . For comparison purposes, an identity tree was generated using the Neighbor-joining (NJ) method that was implemented using the MEGA software [69] . The domain composition of each GLOX was annotated using the CDD (Conserved Domain Database) tool in NCBI.
Conclusions
The core cellulase secretome of M. thermophila comprises the classical set of hydrolytic cellobiohydrolases (GH6/GH7), beta-glucosidase (GH3), and the oxidative enzymes cellobiose dehydrogenase (AA3), lytic polysaccharide monooxygenases (AA9), aryl-alcohol oxidase (AA3), glyoxal oxidase (AA5_1), and an unknown GMC oxidoreductase. Oxizymes are able to produce hydrogen peroxide and have been suggested to be coupled to ligninolytic peroxidases. However, fungi such as M. thermophyla do not secrete this class of peroxidases. Suggesting another unknown role for MtGLOx. Here, we characterize a new multi-domain glyoxal oxidase that produces hydrogen peroxide as a second reaction and oxidizes the fermentation inhibitor HMF. This activity suggests possible green applications of MtGLOx as an enzyme for raw biomass byproduct conversion into sustainable chemical product. Moreover, MtGLOx is the first glyoxal oxidase reported to be connected to four unknown domains, called WSC. However, based on sequence analysis, a substantial number of fungal multidomain AA5_1 members are linked to WSC domains at the N-terminus. This is the same location where either a transmembrane helix [39] or a globular domain 1 related to binding to extracellular carbohydrate [70] can be found in the closely related galactose oxidases. A WSC domain is considered to be a functionally variable putative carbohydrate binding domain [40] able to mediate sensor clustering in stress conditions [42] . However, the specific target of such a domain remains to be elucidated. The overall architecture and spatial arrangement of this multi-domain enzyme was revealed by SAXS data and it describes MtGLOx as a monomeric enzyme in an extended conformation in solution. 
